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Prevention of brain demyelination in rats after excessive correction of
chronic hyponatremia by serum sodium lowering. Brain myelinolysis
occurs after correction of chronic hyponatremia in rats when the
magnitude of increase in serum sodium (SNa) exceeds 20 to 25
mEq/liter/24 hr (the critical threshold for brain). We tested the hypoth-
esis that after a sustained excessive correction, brain lesions (BL) could
be prevented by subsequently decreasing the serum sodium below the
critical threshold for brain through the administration of hypotonic
fluids. After three days of severe (< 115 mEq/Iiter) chronic (3 days)
hyponatremia, 55 rats were submitted to an excessive correction (SNa
> 25 mEq/liter) by a single i.p. infusion of hypertonic saline (NaCI).
This osmotic stress was maintained during 12 hours before the serum
sodium decrease was initiated. Thirty-two rats reached the twelfth
post-correction hour without symptoms. In group 1 after a large (ISNa
32 mEq/liter) and sustained (12 hr) osmotic stress, the natremia was
rapidly (2 hr) decreased by the administration of oral tap water and, at
the end of the first 24 hours, the magnitude of correction was main-
tained below 20 mEqlliter/24 hr. All the rats fared well in this group and
were free of neurologic symptoms. Mild BL were noticed in only 20%
of them. On the contrary, in controls (no hypotonic fluids administra-
tion at the twelfth hour) whose serum sodium was left overcorrected, all
the rats became symptomatic and 57% of them died rapidly. Brain
damage developed in 100% of the surviving rats. In group 2, despite
hypotonic fluids administration, the serum sodium decreased insuffi-
ciently and the correction was > 20 mEq/liter at the end of the first 24
hours (SNa 25 mEq/liter). The majority of these rats also presented a
poor outcome. Finally, a group of rats developed very early (< 12 hr)
neurologic symptoms (N = 23, 42%), and all of them died rapidly (< 24
hr) if the natremia was not decreased. Hypotonic fluids administration
in some of these rats allowed them a longer survival, and brain analysis
also demonstrated severe demyelination. This work demonstrates that
the process leading to brain demyelination remains reversible in hy-
ponatremic rats despite a sustained (12 hr) exposure to an excessive
correction. Indeed, subsequent brain damage can be completely pre-
vented in asymptomatic rats by early (12 hr) serum sodium lowering
provided that the final correction was maintained below 20 mEq/liter/24
hr. Our results also show that the osmotic stress must be maintained a
minimum period of time to induce brain lesions.
Excessive brain dehydration probably represents the first
step leading to brain demyelination after inappropriate correc-
tion of severe chronic hyponatremia. Hyponatremic brains
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demonstrated increased susceptibility to the osmotic stress
induced by the serum sodium rise compared with normona-
tremic brains [1—4]. This is a consequence of the inability of
brain cells to rapidly re-establish the normal concentration of
intracerebral osmolytes lost during previous adaptation to hy-
ponatremia [1, 2, 5]. The mechanisms responsible for the
development of demyelinating lesions after an excessive dehy-
dration are hypothetical [6]. This process, however, likely
involves osmotic shrinkage of brain cells with disruption of the
axons away from their myelin sheats, as recently observed in
animal experiments [7, 8]. These morphological changes have
been noticed shortly (30 mm) after the osmotic stress occurred
[8], but whether or not this phenomenon represents an irrevers-
ible step leading to brain demyelination remains unknown.
Risk factors for demyelination related to the correction phase
of chronic hyponatremia have been recently more precisely
defined in animal (rat) studies [1, 4, 9—131. The major critical
factor for brain is the magnitude of the daily rise in serum
sodium, with a threshold in rats of 20 mEqlliter/24 hr when
correction is achieved over 48 hours [12] or 25 mEqfliter/24 hr
for a correction over 24 hours [1, 9—11].
We also recently showed in rats that the rate of correction is
not a risk factor provided that the daily rise in serum sodium
does not exceed 20 mEq/liter/24 hr [13]. Above this limit, the
rate of correction probably has an additional deleterious effect
[11].
The aim of the present experiments was to evaluate the
reversibility of the process leading to brain demyelination by
lowering the serum sodium in hyponatremic rats previously
submitted to an excessive correction (> 25 mEq/liter) with
hypertonic saline (NaC1). We hypothesize that, after shrinkage
of brain cells, a sufficient degree of rehydration could interrupt
the mechanisms responsible for the subsequent development of
brain damage.
The duration of the osmotic stress necessary to induce
irreversible neurological lesions is unknown. After the favor-
able outcome obtained in preliminary experiments after a
short-lived (1 to 2 hr) excessive correction, we tested the
protective effect of administration of oral hypotonic fluids
against brain damage in rats exposed to a more protracted (12
hr) osmotic stress.
We demonstrated that despite 12 hours of sustained exces-
sive correction of hyponatremia the process leading to brain
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demyelination remained reversible, and that subsequent induc-
tion of serum sodium decrease is beneficial to survival and
prevents brain damage, an observation which could have clin-
ical implications.
Methods
Animals
Male Wistar rats weighing from 350 to 500g were used for all
experiments. Animals were housed in individual cages and were
allowed 10 days to adapt before the initiation of the study. They
were maintained on a standard diet of pelleted rat chow and an
ad libitum water intake. Temperature room was controlled
(20°C) with lights on from 7 a.m. to 7 p.m.
Induction of severe chronic hyponatremia (days 1 to 3)
A severe (< 115 mEq/liter) chronic hyponatremia was ob-
tained using a method adapted from the usual model [12, 14]
with 1-deamino-(8-D-arginine)-vasopressin (DDAVP, Ferring
AB, MalmO, Sweden) used instead of AVP. The rats received
subcutaneous injections of 0.8 pg of DDAVP and intraperito-
neal injections of 2.5% (140 mM) d-glucose in water equivalent
to 5% initial body wt twice daily (09 a.m. and 17 p.m.) during
three days. Rats were kept under light ether anesthesia at time
of injections. No food or water was provided during this phase
of the experiment [12]. Serum sodium (SNa) was measured on
days 1, 2 and 3 in twelve animals not included in the other
experiments. This was done to establish the reference values
with this model.
Final SNa<2O mEq/liter
after the first 24 hr
Group 1 (N=10)
Correction of hyponatremia (day 4)
Clinical
outcome
and
Brain
lesions
As the duration of the osmotic stress necessary to induce
brain damage is unknown, in preliminary experiments in 12 rats
we evaluated the preventive effect of hypotonic fluids adminis-
tration on brain demyelination after exposure to a short lived (1
to 2 hr) excessive (serum sodium increase, ,SNa > 25 mEqi
liter) osmotic stress induced by hypertonic saline infusion.
As this therapeutic intervention was followed by a good
neurological outcome when the secondary serum sodium de-
crease allowed a final correction < 20 mEqlliter after the first 24
hours (neurologic symptoms in 0 of 12 and only 3 of 12 had
limited brain lesions), in the present work we determined the
efficacy of the serum sodium lowering on the prevention of
brain injury alter a more sustained osmotic stress (12 hr).
In 55 rats, hyponatremia was corrected by intraperitoneal
injections of hypertonic saline (NaCl). On day 4, rats received
2.5 mI/100 g body wt of NaCl (1 M) as a single i.p. injection, a
dose which will produce a large increment (> 25 mEq/liter) in
serum sodium and thus a range of correction which is toxic for
the brain.
Secondary lowering of serum sodium levels (day 4)
Mter NaC1 administration, the animals were observed during
12 hours before hypotonic fluids were administrated. Different
groups were defined based on the clinical outcome of the rats
treated by hypertonic saline (Fig. 1).
As after the correction with i.p. NaCI, a significant propor-
tion of rats became rapidly symptomatic or died, only rats
Experimental protocol
Asymptomatic
rats
(N=32)
12 hr after
excessive
Final SNa>2O mEq/liter
after the first 24 hr
Group 2(N=8)
No fluids
_____ Final LSN3O mEq/liter
re-administration after the first 24 hr
controls
(N=14)
No fluids
re-administration
(N=14)
symptoms
(N=23)
Oral water
administration
(N=9)
Final LSNA<20 mEq/liter
after the first 24 hr
FIg. 1. Experimental protocol. The efficacy of serum sodium lowering to prevent myelinolysis alter an excessive correction as compared to rats
left overcorrected was evaluated in rats still asymptomatic 12 hours after NaCI injection. Group 2 was defined secondary on the basis of the results
(value of the /SNa alter the first 24 hr). As illustrated, 43% of the rats became symptomatic before the twelfth post-correction hour. Rats with very
early symptoms were considered separately.
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reaching the twelfth hour without developing symptoms were
considered for evaluation of the protective effect for brain of
administration of hypotonic fluids. Among these rats still
asymptomatic 12 hours after the NaCl injection, one group
subsequently received oral water to lower their serum sodium.
The natremia was rapidly decreased by administration of tap
water by gastric tube (2 x 5% body wt at 30 mm intervals) to
obtain an absolute change in serum sodium below the demye-
lination's threshold for brain (SNa < 20 mEq/liter) and to
maintain this level of correction up to the end of the first 24
hours. Those achieving this goal after this maneuver (SNa at
the end of the first 24 hr 20 mEq/liter/24 hr; group 1) and those
with a SNa > 20 mEq/liter/24 hr (group 2) were separately
analyzed. Subcutaneous injections of DDAVP (2 x 0.8 pgIday)
were continued during days 4 and S to avoid a correction
exceeding 20 mEq/liter/day in the rats receiving hypotonic
fluids. From days 4 to 10, rats were observed and abnormalities
of neurological function were noticed.
The control group was treated on the same way by hypertonic
saline but did not receive oral hypotonic fluids, and rats were
left overcorrected in this group.
Finally, the rats presenting very early neurological symptoms
(< 12 hr) were considered separately. Severe symptoms were
invariably present and were similar to those typically encoun-
tered in rats with documented myelinolysis [9, 12—14]. The
clinical manifestations included hyperactivity, hyperirritability
with the rats jumping all over the cage and hitting against the
walls, ataxic gait, spasticity of the extremities, paralysis of the
limbs and sometimes convulsions.
Blood samples (0.25 ml) were drawn from the tail while the
rats were under light ether anesthesia. Blood was collected for
serum sodium measurements: on day 4 (at time of hyponatre-
mia) just before NaCl injection, 1 hr and 12 hr after NaC1
administration (just before oral water) and 2 hr after oral water
ingestion; on day 5 (24 hr after NaCl injection); on day 6 (48 hr
after NaC1); on day 7 (72 hr after NaCI) and at time of the death
for surviving rats (day 10). Serum sodium was measured on
these samples after centrifugation (3000 x g for 10 mm) via
ion-specific electrodes (Microlyte, Kone, Espoo, Finland). Rats
had free access to food from days 6 to 10 [12, 13], and water was
provided ad libitum during the entire experiment.
Histological examination of the brains
At day 10, rats surviving all the procedures were decapitated,
the skull was opened and the brain was removed and immedi-
ately placed in 10% buffered formaldehyde for 10 days. In rats
that were found dead before day 10, no brain examination was
performed in order to avoid problems with autolysis artifacts in
the brain analysis. Brains were sectioned coronally at six levels
and processed for light microscopy as previously described
[12]. Briefly, sections were stained with hematoxylin-eosin for
evaluation of neuronal density and Luxol fast blue for analysis
of myelin integrity.
The sections were independently and blindly studied by two
neuropathologists (O.P.; A.ST.). The severity of the brain
lesions was graded by a histological score (HS) [12] as minor
(HS I to 2), mild (HS 3 to 4) or severe (HS > 4).
Statistical analysis
All values are expressed as means SD. To determine
statistical difference of various parameters between different
groups, conventional t-tests and chi-square test (with Yates
correction when necessary) were used as appropriate.
Results
This model of severe chronic hyponatremia induced a step-
wise decrease in serum sodium concentration during the three
days of DDAVP and d-glucose injections (SNa on day 1137
0.6 mEq/liter; day 2:120 3.9 mEqlliter; day 3:114 4.5
mEq/liter; day 4:96 5.8 mEq/liter; N = 12).
In each group each rat presented severe (< 115 mEq/liter)
hyponatremia (Tables 1 and 2) with no significant differences
between the different groups and the controls. No significant
changes (— 1%) in body weight occurred during induction of
maintenance of the hyponatremia (day 1 to day 4) prior to
correction.
Outcome of asymptomatic rats with (groups 1 and 2) and
without (controls) secondary serum sodium lowering
Thirty-two rats reached the twelfth post-correction hour
without symptoms. Among them, the serum sodium was sub-
sequently lowered by hypotonic fluids administration in 18 rats
(Fig. 1).
Kinetics of serum sodium. In group 1 (N = 10; Table 1), rats
were submitted to a rapid and large (27 3 mEq/liter 1 hr after
NaC1 i.p.) increment in serum sodium with a magnitude of
correction reaching 32 5.2 mEq/liter (range 26 to 45) at the
twelfth hour. This represents an osmotic stress largely above
the demyelination's threshold for brain [9, 12].
All the rats appeared quite normal at this time. Ingestion of
tap water (10% body wt except rat no. 7 which received 15%
body wt because of its high increase in serum sodium: + 45
mEq/liter) in this group 1 induced a rapid fall in serum sodium
(—19 7 mEq/liter, 2 hr after tap water) so that in all except one
rat (no. 6), the magnitude in serum sodium correction was <20
mEqfliter (mean value: 13 5.9 mEqlliter) at this time, when
considering the serum sodium at time of the hyponatremia as
starting point.
This therapeutic intervention was well-tolerated, no rats
presenting symptoms related to hyponatremia despite the rela-
tively rapid fall in serum sodium to a level of severe hyponatre-
mia (112 5 mEq/liter, range 102 to 118 mEq/liter 2 hr after oral
water). After the first 24 hours of correction (day 5), the serum
sodium rise remained  20 mEqlliter/24 hr for all the rats (15
4.8 mEq/liter/24 hr; range 5 to 20 mEq/liter). The serum sodium
concentration after the first 24 hours of correction was signifi-
cantly lower than the control group (114 5.6 vs. 131 8
mEqlliter, P < 0.001). During the subsequent days, the daily
rise in serum sodium never exceeded the limit of 20 mEqfliter/24
hr, as it will be the case for each rat in all forthcoming groups.
In the control group (N = 14; Table 1), the rats were
submitted to a similar magnitude of correction compared to
group 1(30 3.2 vs. 32 5.2 mEq/liter at the twelfth hour) and
all were also asymptomatic at this time. Those rats didn't
receive hypotonic fluids and the osmotic stress was maintained
up to the end of the first 24 hours of correction (31 3.6
mEq/liter after 24 hr).
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Table 1. Outcome of rats submitted to twelve hours of sustained excessive SNa correction (SNa > 25 mEq/liter) by intraperitoneal injection
of hypertonic saline and subsequent hypotonic fluid administration with final  20 mEq/liter after the first 24 hours
Group 1
SNa at time of
hyponatremia
1 hr after
i.p. NaC1
12 hr after
i.p. NaCI 2 hr after oral water
24 hr after i.p. NaC1
(day 5) Outcome on day 10
Brain
No. (day 4) ZSN8 SNa ISNa 1SNa 1SNa SNa SNa Symptoms lesions
1 104 28 138 34 2 —32 121 17 — —
2 93 26 120 27 9 —18 110 17 — + (mild)
3 107 27 139 32 10 —22 116 9 — —
4 102 29 135 33 16 —17 116 14 — —
5 102 26 128 26 10 —16 122 20 — —
6 92 28 124 32 24 —8 112 20 — —
7 92 34 137 45 19 —26 ill 19 — —
8 100 21 126 26 18 —8 105 5 — + (mild)
9 102 28 135 33 12 —21 122 20 — —
10 95 28 130 35 16 —19 109 14 — —
Means SD 99 5.1 27 3 131 6.2 32 5.2 13 5.9 —19 7 114 5.6 15 4.8 0/10 2/lOa
Controls 100 7 27 4 129 8.2 30 3.2 — — 131 8 31 3.6 14/14
(N=14) (N=12)
Range (85—1 14) (19—35) (1 13—141) (26—36) — — (1 15—143) (26—38) 8/14 died before day 10
Abbreviations are: SNa, serum sodium (mEq/liter); SNa, absolute change in SN (mEq/liter): difference between SNa on day 4 (at time of
hyponatremia) and each subsequent SNa measurement. Alter the first 24 hr of correction, the daily rise in serum sodium never exceeded the limit
of 20 mEq/liter/24 hr for each rat in the hypotonic fluid treated group or in the controls.
a incidence of brain lesions; P < 0.01 vs. controls
b Two of 6 mild and 4 of 6 severe brain lesions
Table 2. Outcome of rats submitted to twelve hours of sustained excessive SNa correction (SNa> 25 mEq/Iiter) by intraperitoneal injection
of hypertonic saline and final LSNa> 20 mEq/liter after the first 24 hr despite previous hypotonic fluid administration
Group 2
No.
SNa at time of
hyponatremia
(day 4)
1 hr after
i.p. NaCI
SNa
12 hr after
.i.. NaCI
SNa LSNa
2 hr after oral water 24 hr after
SNa
i.p. NaCI
2SNa
Outcome on day 10
Symptoms Brain lesionsSNa SNa
1 92 20 127 35 22 —13 114 22 — —
2 107 21 129 22 17 —5 137 30 + + (severe)
3 88 27 124 36 17 —19 110 22 + died on day 6
4 99 23 139 40 20 —20 122 23 + died on day 6
5 90 27 129 39 25 —14 113 23 + + (mid)
6 102 23 130 28 16 —12 125 23 — + (mild)
7 98 24 124 26 5 —21 132 34 + + (severe)
8 104 24 134 30 5 —25 130 26 + died on day 7
Means SD 97 6.4 23 2.3 129 4,7 32 6.0 16 6.8 —16 5.9 123 9.2 25 4.1 6/8 4/5
Abbreviations are: SNa, serum sodium, mEq/liter; 1SNa, absolute change in SNa (mEq/liter): difference between SNa on day 4 (at time of
hyponatremia) and each subsequent SNa measurement. After the first 24 hr of correction, the daily rise in serum sodium never exceeded the limit
of 20 mEq/liter/24 hr for each rats.
In group 2 (N 8; Table 2) the rats were submitted to the
same treatment regimen than Group 1, but the serum sodium
rise exceeded 20 mEq/liter/24 hr at the end of the first 24 hours
of correction, and this was despite previous tap water ingestion.
Twelve hours after NaCL injection, the magnitude of correc-
tion was similar to group 1 and controls (32 6 mEq/liter vs. 32
5.2 mEqlliter in group 1 and 30 3.2 mEq/liter in controls).
The mean value of serum sodium rise two hours after oral
water was 16 6.8 mEq/liter (range S to 25) and two of eight
rats (no. 1 and 5) had absolute increase in serum sodium> 20
mEq/liter at this time, which was sustained up to the end of the
first 24 hours of correction. In the other six rats, the natremia
increased again from the two hour post-water ingestion up to
the end of the first 24 hours and all exceeded the limit of
20 mEq/liter/24 hr at this time. The mean serum sodium rise
after 24 hours was 25 4.1 mEq/liter in group 2 (range 22 to 34
mEq/liter). The serum sodium concentration after 24 hours was
significantly higher in this group than group 1 (123 9.2 vs. 144
5.6 mEq/liter, P < 0.05) but was not different than controls
(123 9.2 vs. 131 8 mEq/liter, P NS).
Clinical outcome and brain analysis
In group 1, all the rats fared well and attained day 10 (time of
the death) without any impairment of neurological function or
any symptoms (0 of 10). Brain analysis demonstrated demye-
lination in only 2 of 10 rats. The first one (no. 2) had symmet-
rical mild demyelinative lesions in the thalamus when the other
one (no. 8) presented mild lesions also localized in the thala-
mus. This rat, however, achieved an additional daily rise of
20 mEq/liter/24 hr on day 7 which could be potentially respon-
sible for its brain damage.
In controls, by contrast, all the rats (14 of 14) presented
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severe neurological symptoms typically encountered in myelin-
olysis (hyperactivity and hyperirritability present spontane-
ously and after stimulus, the rats jumping all over the cage;
spasticity of the extremities, paralysis of the limbs, occasional
seizure activity and unresponsiveness). Eight out of the 14 rats
died spontaneously before day 10.
The survival rate (10 of 10 vs. 6 of 14, P < 0.01) and the
neurologic outcome (symptoms 0 of 10 vs. 14 of 14) were clearly
better after serum sodium lowering. The surviving rats (N = 6)
presented mild (2 of 6) and severe (4 of 6) diffuse brain
demyelinative lesions on pathological analysis (thalamus, teg-
mentum, cerebellum). Brain damage was thus also significantly
less frequent in the hypotonic fluids treated group (group 1)
compared to controls (2 of 10 vs. 6 of 6, P < 0.01) and,
moreover, none of these injured rats in group 1 were symptom-
atic. Fatal outcome and brain myelinolysis are thus avoidable
despite a sustained toxic osmotic stress throughout the 12 hours
preceding water administration in previously asymptomatic rats
when the absolute change in serum sodium is reduced below 20
mEqlliter/24 hr.
In group 2, despite previous fluid administration leading to a
transitory fall in serum sodium only two of eight rats were
asymptomatic on day 10. Both had daily changes in serum
sodium exceeding only fewly the threshold (22 and 23 mEq/
liter/24 hr), a range of correction where brain lesions are
generally less important [12]. The six other rats had neurolog-
ical symptoms and three of them died before day 10.
Brain analysis revealed the presence of demyelinative lesions
in four of five surviving rats. One of the two asymptomatic rats
(no. 6) presented mild symmetrical lesions limited to the thala-
mus. Rat no. 5 which achieved a serum sodium correction of 23
mEq/liter/24 hr presented mild demyelination in the thalamus
and the cerebellum, when the two others (no. 2 and 7) corrected
by a large increment in serum sodium (respectively 30 and 34
mEq/liter/24 hr) presented severe lesions in the thalamus,
tegmentum and cerebellum.
If the effect of water re-administration is analyzed by pooling
the data of groups 1 and 2, the benefit of secondary serum
sodium lowering remains significant (14 of 14 damaged rats in
controls vs. 9 of 18 in pooled groups 1 and 2; P < 0.01).
We can conclude from this observation that the threshold of
brain tolerance to serum sodium increase is not modified by
previous lowering of the serum sodium, the brain damage
appearing when the daily rise in serum sodium exceeded 20
mEq/liter/24 hr. This also implies that after an excessive cor-
rection, the natremia must be lowered sufficiently to obtain a
final correction below the threshold of 20 mEq/liter/24 hr and
this, to provide the best chance for a favorable outcome (Fig.
2).
In group 2, rats presented a poor outcome which appears to
be similar than for controls, however, the final natremia after 24
hours was not different between both groups. Therefore, water
rehydration could provide some benefit for rats corrected above
20 mEq/liter/24 hr but which presented a significantly lower
level of correction than the control group.
Outcome of rats with early (< 12 hr) neurologic symptoms
The model of correction used in the present study leads to a
rapid (1 hr) and large increase in natremia, This aggressive
approach probably explains the rapid (4 to 5 hr after NaCI i.p.)
Time, hours
Fig. 2. Kinetic of serum sodium concentration during the first 24 hours
of correction with NaCI. The dotted line represents the daily limit of
absolute change in serum sodium tolerated by the brain (20 mEq/liter/24
hr). In group I (+; S 0%, BL 20%), the secondary lowering of the serum
sodium below the threshold of 20 mEqlliter after the first 24 hours
largely prevented the development of brain lesions (BL, 20%), and no
rats developed neurologic symptoms (S). If the correction is not
maintained (group 2, U; S 75%, BL 80%) or reduced (controls, *; S
100%, BL 100%) below this threshold, the incidence of BL was high (80
to 100%).
appearance of the first neurological manifestations observed in
23 of 55 rats (42%). All of them were severely symptomatic, and
the symptoms presented by these rats were similar to those
generally observed in rats with delayed clinical manifestations
and documented myelinolysis (hyperactivity, hyperirritabiity,
with rats jumping all over the cages spontaneously or after
stimulation, ataxic gait, paralysis of the limbs).
In this group, the rats presented with a higher increase in
serum sodium one hour after the i.p. NaCl injection compared
to the rats which were asymptomatic at the twelfth hour (29
4.1 mEq/liter, N = 23 vs. 26 3.6 mEq/liter, N = 32;P <0.01).
When these rats were left overcorrected with no hypotonic fluid
administration (N = 14) all of them died very rapidly. Eleven of
14 were found dead in their cages before reaching the twelfth
hour, all the rats being dead at the end of the first 24 hours so
that no brains were available for pathological analysis.
Therefore, in nine other rats, we administrated tap water
early after initiation of their symptoms in an attempt to prevent
the early death and to obtain surviving rats on day 10 for brain
analysis.
We noticed that the clinical manifestations (hyperactivity,
hyperirritabiity and seizure activity) rapidly disappeared after
hypotonic fluid administration. After the first 24 hours of
correction, the nine rats had a correction of serum sodium <20
mEq/liter/24 hr. Two of them died before 48 hours but, contrary
to the other rats of this group, seven others survived for at least
10 days. Four rats were left alive and observed in order to
evaluate the long-term clinical prognosis and survival in this
group. One of them died spontaneously on day 10 and three
others on day 15. The last three rats were decapitated on day 10
for brain analysis. All of them demonstrated demyelinating
brain lesions, which confirmed that the rapid onset of these
neurological symptoms were the early manifestations of the
brain damage finally leading to demyelination.
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Discussion
To evaluate the efficacy of brain rehydration to limit or to
prevent the development of demyelinating brain lesions, we
administered hypotonic fluids in hyponatremic rats previously
corrected largely above the demyelination's threshold for brain
(> 25 mEq/liter). This was achieved using hypertonic saline
which undoubtly creates major brain damage in these condi-
tions [9—12]. The hyponatremia was corrected by approximately
30 mEq/liter before serum sodium fall was initiated. With this
level of correction, one could expect nearly a 100% incidence of
brain injury in the rat [1, 9, 12].
To obtain asymptomatic rats at the time of hypotonic fluids
administration, a period of 12 hours with sustained osmotic
gradient appeared to be more appropriate before inducing the
fall in serum sodium. Indeed, in our experience [12] as in other
works [1, 10, 11], the first clinical manifestations were generally
noticed 24 hours after correction with less aggressive therapeu-
tic regimens, although symptoms could arise earlier [11, 15].
However, we have observed very early (< 12 hr) neurological
symptoms in 42% of the rats corrected by NaC1 i.p. (Fig. 1). No
remarkable differences distinguished these rats from those
uneventfully reaching the twelfth hour, except a significantly
higher level of correction one hour after the i.p. NaCl injection.
It is likely that the rapidity with which symptoms arose after
an excessive increase in serum sodium was correlated with the
extent of the correction and also with the rate to achieve it. The
clinical findings recorded several hours after the osmotic insult
in this group were the same than those encountered generally
later in rats with demonstrated brain demyelination. However,
the extremely rapid appearance of these manifestations are not
consistent with a phenomenon related to myelin degeneration,
which is usually associated with more delayed neurological
findings. It is possible that the acute and large increases in
natremia rapidly induce functional impairments with perturba-
tions of the neuronal conduction or of the membrane potentials
in areas where demyelination will develop further [16]. Perhaps
the mechanical dissociation between the axon and its myelin
sheath, recently observed as early as 30 minutes after adminis-
tration of NaCL in hyponatremic rats [8], could partially explain
some degree of early electrophysiological dysfunction. Devel-
opment of brain damage similar to what is observed in hyper-
tonic state [17] appears less likely to be responsible for the
clinical manifestations in this group. Some of the rats with very
early symptoms were previously reported [15] as presenting
typical demyelinating lesions on brain analysis. The demonstra-
tion of brain myelinolysis in the three rats with early neurologic
symptoms and which survived up to day 10 after rapid admin-
istration of hypotonic fluids confirms that the rapid onset of
these symptoms are the first manifestations of the brain lesions
finally leading to myelinolysis.
From the 32 remaining rats which were free of symptoms 12
hours after the i.p. NaCI administration, 18 rats then received
oral water in an attempt to avoid the development of brain
lesions. The analysis shown in Figure 2 clearly demonstrates
that decreasing serum sodium levels to z < 20 mEq/liter/24 hr
following an initial excessive correction can completely prevent
demyelination in the great majority (80%) of the cases.
In group 1 (Table 1), after a rapid increment in the natremia,
the rats were submitted to a large and protracted osmotic stress
(32 mEqlliter during 12 hr). With the administration of water,
the serum sodium then decreased rapidly (2 hr) to a level of
absolute change below 20 mEq/liter. Despite rapidly returning
to a range of profound hyponatremia, this therapeutic interven-
tion was well-tolerated with no untoward clinical effects, prob-
ably because the brain had only partially regained its osmolytes
during the preceeding 12 hours in response to the initial osmotic
stress [18].
Notwithstanding 12 hours of previously sustained excessive
correction, all the rats fared well and were entirely asymptom-
atic. Only two of the 10 rats presented with demyelinating
lesions, of which for one can be potentially attributed to a
subsequent sodium rise of 20 mEq/liter/24 hr occurring on day
7. These damaged rats exhibited only limited brain injuries with
no clinical manifestations. In contrast, in the controls which
were also asymptomatic at the twelfth hour but in which the
magnitude of correction was not reduced by hypotonic fluids,
the outcome was disastrous. Indeed, all the rats in this group
developed severe neurological manifestations followed by early
death for the majority of them or by significant brain injuries in
the surviving rats.
If serum sodium lowering appears obviously beneficial to
survival and prevents brain myelinolysis in group 1, the results
of group 2 (Table 2) also demonstrate that, to avoid the
development of brain injury, natremia must be lowered so as to
obtain a final daily rise in serum sodium below 20 mEq/liter/24
hr (Fig. 2). The importance of the correction before tap water
was given (12th hr) was similar in both groups. However, the
water ingestion produced a decrement of serum sodium less
important after two hours in group 2, and the excessive correc-
tion after 24 hours (25 mEq/liter) was essentially due to an
additional increase in serum sodium during the last ten hours.
The two rats of this group which were asymptomatic had an
absolute change in serum sodium exceeding only to a slight
extent (22 and 23 mEqlliter/24 hr) from the threshold for
demyelination, a range of correction generally associated with
less severe brain lesions [12]. The six other rats (range of
correction 22 to 34 mEq/liter/24 hr) were symptomatic and
either died or had demyelinating lesions.
It must be emphasized that none of the rats in any of the
groups in this study were overcorrected into hypernatremic
ranges. On the contrary, many rats developed demyelination
after a large correction even when their final serum sodium
remained within the mildly hyponatremic range. As we previ-
ously observed [12] correction to mildly hyponatremic level [4,
9, 10] is not sufficient to avoid brain damage.
Myelinolysis can be induced by using both the AVP and the
DDAVP models of hyponatremia [1, 9, 11, 12]. Interestingly,
despite the fact that both hormones affect differently the Vl and
V2 receptors [13], we found that the level of correction toler-
ated by the brain (20 mEq/liter/24 hr) in male rats seems to be
similar when hyponatremia is induced by DDAVP, as in the
present work, or when it is induced by AVP [121.
In this currently-used animal model of hyponatremia [9, 10,
12—14] the rats were submitted to food deprivation for five days.
If the benefit of the serum sodium lowering demonstrated in the
present work cannot be questioned by this parameter, the role
of the poor nutritional state on the neurological morbidity and
the neuropathological lesions in the osmotic demyelination
syndrome seems to be deleterious (Note added in proof).
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Our data demonstrate that after occurrence of the osmotic
insult, the process leading to demyelination remains reversible
(or is not still fully engaged) during a significant (12 hr) period of
time in some animals. This also means that the duration of the
osmotic stress, which must be maintained during a minimum
period of time to produce brain damage, represents an addi-
tional critical factor in the pathogenesis of the osmotic demy-
elination syndrome. We found that the major criteria purporting
to reliably attest the reversibility of this process appears to be
the absence of clinical manifestations. Over time the risk of
developing symptoms increases progressively (100% of the rats
are asymptomatic after 2 hr of sustained osmotic stress and 58%
after 12 hr). Nevertheless, our results suggest that when neu-
rologic manifestations are still lacking, the efficacy of decreas-
ing the serum sodium, which is similar after a two hour or a 12
hour period of sustained excessive correction, will be probably
the same for a more protracted exposure. Thus, the "minimum
period of time" necessary to induce irreversible BL is in fact
not an absolute concept. It probably depends on the aggressive-
ness of the correction; with the therapeutic regimen used here,
the first symptoms were already noticed in some rats after four
to five hours.
It has to be noted that hypotonic fluids were also adminis-
trated in nine rats with early (< 12 hr) severe symptoms and
that this maneuver allowed them a longer survival time but
didn't completely prevent the development of BL. The benefit
of water replacement in this group, although real, is rather
anecdotal because it was investigated in a non-randomized way.
Further study in symptomatic rats is necessary to definitely
determine the advantage of reintroducing hyponatremia at the
first sign of neurologic dysfunction.
Interestingly, our results agree with findings reported previ-
ously by Verbalis and Martinez [19]. In an attempt to examine
the relative contribution of the rate and the magnitude of
correction to myelinolysis, the authors had induced a rapid
correction in a group of hyponatremic rats followed by self-
ingested liquid diet, which slowly (8 to 10 hr) reinduced
hyponatremia. They observed that the incidence of brain le-
sions was only half of that observed in the permanently cor-
rected groups (44% vs. 90% of injured rats) [19]. It was
concluded that both the rate and magnitude of correction
contributed equally to the development of brain myelinolysis,
but these results could also be interpreted as a relative protec-
tive effect of the secondary serum sodium lowering.
In their work, however [19], the incidence of brain lesions
was not quite as reduced after the serum sodium decrement
(from 90% to 44%) as in the present work (from 100% to 20%).
This lower efficacy could be explained by the slower decrease in
serum sodium (8 to 10 hr) obtained by the self-ingestion of liquid
in their model, the rats being exposed for a more protracted
period to the deleterious osmotic stress. By another way, the
complete reversibility of the brain injuries in our work concerns
rats still asymptomatic before water loading.
The timing defined here in rats (12 hr), even if consistent, is
probably shorter than the free interval that will be available in
humans to reverse the phenomenon. Indeed, the therapeutic
regimen used here was aggressive and, in humans, the neuro-
logic deterioration is generally more delayed (24 hr to several
days).
The mechanisms by which brain osmotic insult finally leads
to demyelination are not understood [6]. Therefore, interpreta-
tion of the protective effect of serum sodium lowering can only
be speculative. The early ultrastructural findings with disrup-
tion of myelin described by Sterns, Thomas and Herndon [8]
probably do not represent an irreversible morphological change
as suggested by our results. It is possible that rehydration after
dehydration could re-establish the volume of previously
shrunken brain cells [20], thereby also re-establishing the integ-
rity of endothelial cells and/or of the blood brain barrier [21] and
avoiding for instance the further release of myelinotoxic factors
[6]. Our results are of potential clinical importance for the
prevention of brain myelinolysis in hyponatremic patients sub-
mitted to an excessive correction.
There are many situations were hyponatremia is associated
with a reversible defect in water excretion [22] and it is not
uncommon in clinical practice to obtain a larger correction of
hyponatremia than intended. Additional data, particularly in
animals with pre-existing neurologic symptoms, will be of great
clinical interest with respect to the reintroduction of hyponatre-
mia in overly corrected patients. Adequate monitoring of the
serum sodium rise remains essential to avoid the risks of
neuropathological sequelae. In humans, the magnitude of cor-
rection should not exceed 15 mEq/liter/24 hr [13], and when
patients present associated risk factors (alcoholism, poor nutri-
tional state, liver disease, hypokalemia, hypoxia) [23, 24] the
level of correction tolerated by the brain is probably even
lower.
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